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Coupling optical and electrical gating for electronic read-out of quantum dot dynamics
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We explore the coherent transfer of electronic signatures from a strongly correlated, optically
gated nanoscale quantum dot to a weakly interacting, electrically backgated microscale channel. In
this unique side-coupled ‘T’ geometry for transport, we predict a novel mechanism for detecting Rabi
oscillations induced in the dot through quantum, rather than electrostatic means. This detection
shows up as a field-tunable split in the Fano lineshape arising due to interference between the dipole
coupled dot states and the channel continuum. The split is further modified by the Coulomb interac-
tions within the dot that influence the detuning of the Rabi oscillations. Furthermore, time-resolving
the signal we see clear beats when the Rabi frequencies approach the intrinsic Bohr frequencies in
the dot. Capturing these coupled dynamics, including memory effects and quantum interference in
the channel and the many-body effects in the dot requires coupling a Fock-space master equation for
the dot dynamics with the phase-coherent, non-Markovian time-dependent non-equilibrium Green’s
function (TDNEGF) transport formalism in the channel through a properly evaluated self-energy
and a Coulomb integral. The strength of the interactions can further be modulated using a backgate
that controls the degree of hybridization and charge polarization at the transistor surface.
Future electronic devices are likely to contain
nanoscale components ranging from random traps, de-
fects and dopants, to engineered memories, logic elements
and sensors. For practical reasons, these elements must
interface with a larger microsystem, such as contacts and
substrates. The rapidly increasing surface sensitivity will
make ultimately scaled device properties strongly depen-
dent on the dynamics and low-frequency noise generated
by these nanoscale components [1]. The issue of how the
nano and micro domains ‘talk’ to each other lies at the
very heart of the operation of tomorrow’s electronics.
The formal challenge in modeling dot-channel hybrid
systems arises with their underlying evolution equations
themselves. We must directly couple the time evolution
of the second quantized dot operators in their many-body
configuration (Fock) space [2] with a quantum kinetic for-
malism for the channel electrons screened with a mean-
field potential [3]. Furthermore, we need to explore the
new physics that both the side-coupled geometry and the
different physics in the dot and the channel bring.
In this paper, we (i) present a new theoretical approach
to explore the time-dependent interaction between a cor-
related nanoscale quantum dot and a microscale back-
gated substrate. The many-electron dynamics of the dot
operators are solved to extract one-electron scattering
self-energies that drive the simpler TDNEGF channel
equations. (ii) The coupling of the dot-channel transport
modes creates entirely novel signatures in the channel
current spectrum. A dot coupled to a channel is known to
create prominent Fano signatures through gate tunable
quantum interference between localized and delocalized
states. By the incorporation of an added optical gat-
ing with a monochromatic laser pulse resonant with the
dot level splittings, we can modulate the charge and spin
populations and coherences in the dot. This Rabi mod-
FIG. 1: (a) Electronic detection of Rabi oscillations has relied
on Pauli spin blockade between two serially coupled dots [11].
In a side-coupled geometry where the dot does not lie on the
channel electron’s path of propagation, we observe (b) a split
of the Fano lineshape proportional to the Rabi frequencies that
are tuned by the strength (power) of the incident AC field. (d)
The evolving Fano lineshape at 3 different Rabi frequencies.
Parameters: ǫ0 = 0 eV, ǫ1 = 0.1 eV, ∆EZ = 0.2 meV, γL =
γR = 0.01 eV, τ = 0.25 eV, Vd = 0.001 V.
ulation creates a split in the Fano spectrum (Fig. 1) that
can be tuned with the field strength (power of the laser
source). (iii) Many-body interactions within the dot fur-
ther detune this resonant split (Fig. 3), while (iv) charge
depletion/accumulation at the channel surface driven by
a back or side gate allows us to control the Coulomb
and tunnel couplings between the dot and channel modes
(Fig. 4). Finally, (v) a time-resolved measurement shows
2prominent beats (Fig. 2) in the output signal if the Bohr
frequencies of the dot approach the Rabi frequency, as in
the case of a dot with two Zeeman split spin states.
Formalism. Simulating the optical write electronic
read process requires a coupling of the Fock-space formal-
ism for correlated dot dynamics [2] and the TDNEGF for-
malism [4] for weakly interacting quantum channel trans-
port. For a given Hamiltonian, we first solve for the anni-
hilation operators c1,2(t) using the Heisenberg equation
of motion and well-known equal time anti-commutation
rules. While this step can in principle be solved exactly
for an isolated dot using exact diagonalization, coupling
an interacting electron system with the channel contin-
uum states broadens these levels through a hybridization
procedure that creates a hierarchy of Green’s functions,
which needs to be truncated at a suitable point [5]. As-
suming weak dot-channel coupling, one can get approxi-
mate expressions for these (we will derive explicit forms
shortly). Once we have solved for ci(t), the dot dynamics
can be captured in terms of its retarded and correlation
Green’s functions and self-energy matrices
gRij(t, t
′) = −iθ(t− t′)〈{ci(t), c
+
j (t
′)}〉/~
gnij(t, t
′) = 〈c+j (t
′)ci(t)〉[
Σ(R,in)s (t, t
′)
]
= τ
[
g(R,n)(t, t′)
]
τ† (1)
where τ = (τ1τ2) denotes the coupling of the two dot
basis states with the channel, 〈. . .〉 denotes a thermal av-
erage, θ is the Heaviside step function, while {. . . , . . .}
denotes the anticommutator. In addition to these self-
energies, responsible for through-bond scattering, quan-
tum interference (QI mechanism) and the exchange of
charge between the dot and the channel, there is a
longer-ranged Coulomb scattering (CS) mechanism that
can deplete and polarize channel charges, driven by po-
tential variations U1δn1(t) + U2δn2(t), where the dot
charges ni(t) = g
n
ii(t, t
′) and the Coulomb integrals
Ui = q
2
∫
dx
∫
dx′φ∗i (x)φch(x
′)/(4πǫr|x − x
′|), ǫr de-
noting the material dielectric constant and φch(x) de-
noting the wavefunction in the channel depth direction
x, dictated primarily by the corresponding metal-oxide-
semiconductor electrostatics.The coupling τ is given by
τ = τ0
∫
dx
∫
dx′φ∗i (x)φch(x
′). The retarded and in-
scattering self-energies and Coulomb potentials are used
to compute the transport current in the channel. In or-
der to do justice to non-Markovian (‘memory’) effects,
we use the full time-dependent non-equilibrium Green’s
function (TDNEGF) formalism [4, 6, 7, 8].
We start with the retarded and correlation channel
Green’s functions using the Dyson-Keldysh equations
GR(t, t′) = g0(t, t
′) +
∫
dt1dt2g0(t, t1)Σ
R(t1, t2)G
R(t2, t
′)
Gn(t, t′) =
∫
dt1dt2G
R(t, t1)Σ
in(t1, t2)G
A(t2, t
′) (2)
where g0(t, t
′) is the Green’s function for the channel
decoupled from the dot (but including Coulomb corre-
lations), GA = (GR)†, and ΣR,in = ΣR,inL + Σ
R,in
R +
ΣR,ins . For contacts with broadenings ΓL,R(E) and
Fermi functions fL,R(E), we can write Σ
R,in
L,R (t, t
′) as the
Fourier transforms of ΣinL,R(E) = ΓL,R(E)fL,R(E) and
ΣRL,R(E) = −iΓL,R(E)/2+H(ΓL,R(E)), whereH denotes
the Hilbert transform. From the computed Green’s func-
tions and self-energies, we can now calculate the time-
dependent channel current (α = L,R) as
I(t) = [IL(t, t)− IR(t, t)]/2
Iα(t, t
′) = Iinα (t, t
′)− Ioutα (t, t
′)
Iinα (t, t
′) =
2q
i~
∫
dt1Tr
[
Σinα (t, t1)G
A(t1, t
′)− h.c.
]
Ioutα (t, t
′) =
2q
i~
∫
dt1Tr
[
Gn(t, t1)Σ
A
α (t1, t
′)− h.c.
]
(3)
with ΣA = (ΣR)† and h.c. the Hermitian conjugate.
Eqs. 1-3 couple the many-body quantum dynamics of
the dot with the transport properties of the channel. The
challenge then is to set up the interacting dot-channel-
lead Hamiltonian and compute the dot operators ci(t, t
′).
Laser-irradiating a two-level dot generates a Hamilto-
nian Hint = E(t)dµ
(
c+1 c2+ h.c.
)
in the {φ1,2} dot basis.
The transition dipole moment dµ = q
∫
dxφ∗1(x)xφ2(x)
and the laser electric field E(t) = E0 cos(ωLt). Apply-
ing the Heisenberg equation for annihilation ci-operators
(i = 1, 2), defining the Rabi frequencies ΩR = E0dµ/~
and Bohr frequencies ω21 = (ǫ2 − ǫ1)/~, and assuming
the laser frequency is near resonance with the two-level
system with a small detuning parameter ∆ = ~(ωL−ω21),
we can invoke the rotating wave approximation (RWA)
(
c1(t)
c2(t)
)
= U(t)
(
c1
c2
)
U(t) = exp
[
−i(H0 − ~∆/2)t/~+ i~σ · nˆΩt/2
]
(4)
where H0 is the isolated dot Hamiltonian with eigenval-
ues ǫ1,2, ~σ is the Pauli spin vector, while the unit vector
nˆ = (ΩR, 0,∆)/Ω with Ω = (∆
2 + Ω2R)
1/2. The explicit
solutions for the ci-operators then lead to the Greens
functions for the dot using (Eq. 1)
[
gR(t, t′)
]
= −
i
~
θ(t− t′)U(t)U
+
(t′)e−(t+t
′)/T
[gn(t, t′)] = U(t)ρU
+
(t′)e−(t+t
′)/T , (5)
where ρ is the density matrix of the isolated dot with
diagonal entries given by the equilibrium occupancies of
the dot states. The g’s in turn yield the scattering term
Σs(t, t
′) for the QI mechanism, and the charge polariza-
tion δn for the CS mechanism. While we accurately cap-
3ture the dot-channel hybridization, the incoherent cou-
pling of the dot itself to its environment depends on mi-
croscopic details of the underlying mechanism, and are
included in Eq. 5 using a phenomenological decay param-
eter T amounting to a diagonal relaxation time T1 and
an off-diagonal decoherence time T2.
FIG. 2: Schematic description of (a) dipolar Coulomb Scat-
tering (CS) and (b) short-ranged Quantum Interference (QI)
scattering between the dot and channel transport modes. (c)
In the computed channel current for CS, the Rabi oscil-
lations manifest themselves in the frequency shifts ΩR =
2.5MHz, 5MHz, 10MHz (in direction of arrow) (∆ǫ = 3
meV). (d) In the QI case, ∆ǫ = 0.2µ eV (e.g. spin split
levels in a Zeeman field), ΩR = 2.5MHz, ǫch = 0.01 eV
(channel energy), ǫ1 = 0.1 eV, dot electrochemical potential
µ = 0 eV, dot charging energies U1 = 500 µeV, U2 = 50
µeV, contact broadenings γL = γR = 10 meV, dot-channel
coupling τ = 0.25 eV, temperature 100 mK, and decay times
T1 = 0.1µs and T2 = 1µs. As the Bohr frequency ΩB of the
levels is comparable with the Rabi frequency, beats are observed
in the channel current.
One can build interactions into the quantum dot re-
sponse functions by standard diagrammatic techniques.
The strength of our formalism is the coupling of this in-
teracting dot response function with transport equations
in the underlying channel (Eqs. 1-3). For example, we
can include an on-site Hubbard term Ud on the dot by
truncating the hierarchy of dot equations within a ‘local
moment’ approximation, yielding a probability weighted
result
gR,nσ,int(t, t
′) ≈
(
1− 〈nσ¯(t
′)〉
)
gR,nσ (t, t
′) +
〈nσ¯(t
′)〉gR,nσ (t, t
′)e−iUd(t−t
′) (6)
for a given spin σ and its inverse σ¯. Higher order
terms can generate further interactions, such as high-
temperature Kondo correlations [5].
Results: Influence of Rabi on Fano. In the past, elec-
tronic detection of Rabi oscillations relied on Pauli spin
blockade between two serially coupled dots [11]. In a par-
FIG. 3: Evolution of Fano lineshape in the presence of Rabi
oscillations for varying degrees of intradot Coulomb interac-
tions that detunes the laser frequency with the dot level sep-
aration. For unmodified levels we get the Rabi split Fano
shapes (Fig. 1), while for strong Coulomb coupling/detuning
we register the single level that stays coupled to the channel.
allel transport geometry, however, the channel electrons
are not Pauli Blocked by the side coupling as the dot
does not lie on the channel electron’s path of propaga-
tion. The coupling of paths can occur through a longer-
ranged Coulomb interaction that depletes the channel
electrons (Fig. 2a) and generates time-resolved transport
signatures reminiscent [11] of spin Blockade (Fig. 2c).
However, a much more interesting mechanism avails it-
self in this specific side-coupled T-geometry, where lat-
eral transport paths through the channel continua and
the localized dot states interfere quantum mechanically
through direct chemical bonding between the dot and
the channel surface atoms (Fig. 2b), generating a phase-
coherent Fano interference.
While Fano signatures are common in quantum
dots[12] , in the dual optical-electronic gated system de-
scribed here the Fano lineshape gets convolved with the
Rabi signatures impressed upon the dot by the AC field.
Simplifying Eq. 5, we see that the Rabi-Fano interaction
manifests itself in the DC spectrum as a field-tunable
split in the Fano lineshape (Fig. 1), and as field-tunable
beats in the time-resolved signal (Fig. 2d) when the Rabi
frequency approaches the intrinsic Bohr frequencies in
the dot to which the laser is resonantly tuned. The ori-
gins however are patently different – the spectral modifi-
cations in Fig. 1 arise from gR, while the temporal beats
and memory effects in Fig. 2 arise from gn. Dipolar Rabi
frequencies are typically much smaller than electronic
state spacings, but the two do approach each other in
their spintronic analog where the tunnel coupling is re-
placed by the Heisenberg exchange between the spin bits
and the channel current [13], and the Zeeman splitting
of spin states is often comparable to the ESR frequency.
Capturing these beats correctly requires careful attention
to memory effects that our TDNEGFmodel incorporates.
Parameter dependence and tunability. We can read-
4ily include Coulomb correlations in our model, say by
using Eq. 6. Self-interaction correction will make one
level repel the other through a mutual Coulomb poten-
tial. If the laser frequency is resonantly tuned to the
bare level splitting, increasing Coulomb corrections will
increase the detuning ∆. As Fig. 3 suggests, the detun-
ing will spread out the spectral weights of the Rabi-split
Fano. The spectral weights of the two Rabi split levels
(± for i = 1, 2 respectively), and thereby the change in
channel spectral function can be obtained to yield the
Rabi modulated Fano lineshape (invoking the small ∆
RWA for simplicity)
gii(E) ≈
1−∆/Ω
E − ǫ1 + iγ1 ± ~(∆ + Ω)/2
+
1 +∆/Ω
E − ǫ1 + iγ ± ~(∆− Ω)/2
δA = gch
[
1−
(q + ξ)2
ξ2 + 1
]
(7)
where gch is the bare channel Green’s function, and q
and ξ are the phase angles of the dot (obtained from
gii) and the dot-channel coupled system respectively[14].
The increasing detuning will reduce any beats in the time
resolved data and lead ultimately to the bare Fano line-
shapes between the dot and channel states unmodified
by the Rabi oscillations.
FIG. 4: Top: Band-lineup and eigenstates for dot-channel ge-
ometry (dimensions shown) for three representative gate volt-
ages at Vg = 0V (blue line), 2V (black line), 3.2V (red line)
Parameters: ǫr = 1.7, τ0 = 25µeV [15]. The backgate to the
right of the figure can be used to tune the electron density and
wavefunction at the channel surface, thereby controlling both
the Coulomb integral U (bottom left) and the bond coupling
parameters τ (bottom right) between the channel surface and
the dot.
Electronic read-out of qubits is crucial for integrating
quantum computing paradigms with a solid-state archi-
tecture compatible with present day microelectronics. It
also provides the possibility of real-time detection of the
dot’s molecular ‘fingerprints’[16]. One can engineer the
couplings at a molecular level through synthetic chem-
istry or by gate tuning. The use of multiple gates would
allow us to independently scan the location of the chan-
nel/dot states and also control the dot-channel coupling.
The latter depends on the density of electrons near the
surface, as well as the overlap of wavefunctions between
the dot and channel. By using a backgate, we could de-
plete or enhance the electron density, and also control the
wavefunction overlap through a Stark shift of the channel
states, thereby controlling both our U and τ parameters
for CS and QI respectively (Fig. 4). The combination
of tunability of parameters and coherent quantum inter-
ference signatures (Fig. 1),electronic and optical gating
will allow us to explore a rich spectrum of dot states im-
printed on the channel current.
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